This study examined the emissions of nanoparticles and hazardous air pollutants (HAPs) by 3D printer operations and evaluated nanoparticle deposition behavior using a prediction model. Nanoparticles and HAPs were sampled at the Inha University 3D printing center with five fused filament fabrication (FFF)type 3D printers. The number size distribution of the nanoparticles exhibited a bimodal distribution with dominant peaks over a large size range between 70 and 100 nm and a smaller size range between 10 and 20 nm. With increasing 3D printer operation, the number concentration of 10 nm particles increased, and the final number concentration was 3.6 times higher than that of the background concentration. Nanoparticle formation and agglomeration were characterized by transmission electron microscopy (TEM) and scanning electron microscopy (SEM). Model calculations revealed that a large number of nanoparticles between 10 and 30 nm in size are deposited in the lower human respiratory tract (generation number: 16-22). A total of 14 HAPs species were detected, among which hexane, acrylonitrile, and benzene concentrations were the highest.
Introduction
The popularity of desktop three dimensional (3D) printers is rapidly increasing. 1,2 The original purpose of 3D printers was to create prototypes before launching new products. 3 However, recently the scope of 3D printers has been expanded to the medical and education elds, and industry. [4] [5] [6] Various 3D printing methods have been developed, such as fused lament fabrication (FFF), selective laser sintering (SLS), and stereo lithographic apparatus (SLA). 1,7 Among these methods, the FFF method is most frequently used because it is inexpensive and easy to use. 8 FFF-type 3D printers use the extrusion of polymer base thermoplastic materials as a lament under high temperature conditions ($200 C). 8 It is well-known that the thermal processing of polymer materials release toxic air pollutants, including carcinogens and chemicals that cause nervous system disorders. [9] [10] [11] The composition of the toxic air pollutants produced during the thermal heating process is very complex because of the many types of thermoplastics. 12 Furthermore, FFF-type 3D printers are known to emit particulate matter with sizes of <100 nm and volatile organic compounds (VOCs) because of lament extrusion. 13 Moreover, this study evaluated nanoparticles and VOCs emissions from 3D printers by type of 3D printer and lament and used it to evaluate nanoparticle and total VOC emission factors. Particulate matter emission rate of 3D printers have been studied by work place conditions, 14 type of 3D printers, 13, 15 and printing parameters. 16 Kim et al. (2015) and Vance et al. (2017) measured the aerosol and VOCs emissions from acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA) laments and showed large difference by types of laments. 17, 18 While signicant attention has been focused on particulate matter and total VOC emissions from 3D printers in previous studies, no study has been investigated nanoparticle formation, emissions of hazardous air pollutants (HAPs), and emissions upon inhalation in the human respiratory tract.
Although most of the particles size larger than 0.1 mm effectively collect in the upper respiratory tract because of inertial collision, nanoparticles (D p < 100 nm) penetrate deeper into the lower respiratory tract, inltrating the extra-thoracic, conducting, and pulmonary systems upon inhalation. [19] [20] [21] These nanoparticles can then pass through the bloodstream and contaminants contained in the nanoparticles can diffuse in bloodstream and can be consumed by macrophages. 22 Therefore, understanding deposition behavior of nanoparticle emitted from 3D printer is crucial factor in terms of human health perspective. Moreover, HAPs are toxic air pollutants that can cause cancer and other severe reproductive and birth defects. 23, 24 Hence, the US environmental protection agency (EPA) manages 187 species of toxic air pollutants classied as HAPs which include some VOCs, polycyclic aromatic hydrocarbons (PAHs), pesticides, and heavy metals. 25 The goal of this study was to measure the nanoparticles and HAPs produced during 3D printing to obtain the following results: (1) nanoparticle size distribution as a function of time;
(2) nanoparticle morphology and elemental composition; (3) nanoparticle deposition behavior in the human airway; and (4) characteristics of HAP emissions.
Materials and methods

FFF-type 3D printers
Nanoparticle and HAPs emissions from 5 FFF-type 3D printers were measured. Although Yi et al. (2016) reported that the air pollutant emission characteristics vary depending on lament color, so we used common white laments to minimize the inuence of color pigments. 26 Filaments were extruded and injected from the printer nozzle at 230 C onto the sample bed which heated at 80 C. The detailed operation conditions are summarized in Table 1 . In this system, the nozzle moved on the X and Y axis, and the sample bed was downed from the top or xed at the bottom as the Z axis. We used commercially available FFF-type 3D printers (FINTBOT Z420, TPC Mechatronics Corp., South Korea). To conrm that nanoparticle formation was enhanced by the increased number of 3D printer operating, we designated ve measurement periods over a total of 3 h sampling time: (1) background (22 min), (2) a single 3D printer operation (phase 1; 23 min), (3) two 3D printer operation (phase 2; 21 min), (4) ve 3D printer operation (phase 3; 40 min), and (5) background (22 min). A 10 min break was taken between second and third phases to conrm that the nanoparticle formation was inhibited.
Sampling and analytical methods
Measurements were performed in a 126 m 3 size 3D printing center in Inha University. Room layout and experimental setup is provided in Fig. S1 . † With the exception of the office furniture, instruments, and 3D printers, the room was empty during sampling and the ventilation system was turned off to reduce the interruption of background emissions. Real-time particle number size distribution was measured using a scanning mobility particle sizer (SMPS; TSI, USA) at 80 s scan time. The sampling ports were placed 1 m from each of the 3D printers and 1 m from the office oor. To analyze nanoparticle morphology and elemental composition, the samples were characterized by transmission electron microscopy (TEM; JEM-2100F, JEOL, Japan) at 200 kV with energy dispersive spectroscopy (EDS). A TEM grid (Ted Pella, Inc., USA) was placed in the mini particle sampler (MPS; Ecomesure Inc, France) connected to a mini pump (MP-P 30, SIBATA, Japan). TEM grid sampling was conducted in phase 3. Moreover, we analyzed the 3D printer laments to conrm the emission source of the nanoparticles. The morphology and elemental composition of the laments were characterized using a eld emission scanning electron microscope (FE-SEM; S-4300SE, Hitachi, Japan) equipped with EDS.
Aerosol deposition model
Aerosol particle deposition modeling for the human respiratory system was conducted using particle dosimetry 27-29 and pulmonary morphometric models 30, 31 ranging in complexity. In the simplest human respiratory models, various semi-empirical models can provide accurate results using a small number of parameters. In this study, we used the multiple-path particle dosimetry (MPPD, v3.04) model, 32, 33 which evaluated deposition of 10 nm to 20 mm particles over the entire respiratory system. The MPPD model has been used in diverse research elds including pure inorganic aerosol, bioaerosol, indoor sources, cigarettes, and biomass burning. [34] [35] [36] [37] [38] To calculate the number dose of particle deposition in each airway generation, the deposition rate (DR) during 3D printing operation was calculated by the eqn (1):
here, DF is deposition fraction, C is particle number concentration (# cm À3 ) of the ith SMPS channel obtained from experimental work, TV is tidal volume (cm 3 ), and BF is breathing frequency (min À1 ). Then number dose (#) of each airway generation is calculated using DF value by eqn (2):
The deposition density (# cm À2 ) was calculated by applying the surface area of each generation provided by the MPPD model. Further details regarding the model input parameters are provided in Tables S1 and S2. † The human lung geometry used in the MPPD model of this study is anatomically divided into airway generation numbers. 39 Generation number 1-20 and 21-28 represent the tracheobronchial (TB) region and the acinar (AC) region, respectively.
HAPs sampling and analysis
Gas phase sampling was conducted using a personal mini pump connected to 280 mg of Teneax TA (40/60 mesh, Markers Inc., UK). Sampling was conducted three times for 5 min each in phase 3 and blank samples were collected in rst background stage. The blank sample concentrations were subtracted. The samples were then analyzed by gas chromatography-mass 
Results and discussion
3.1 Nanoparticle formation
The nanoparticle number concentration and size distribution were measured using SMPS in the size range from 11 to 350 nm ( Fig. 1) . At the beginning of sampling, the size resolved particle number concentrations of the room was measured as a background reading for 20 min, showing a unimodal distribution with a peak at 90 nm. Subsequently, the 3D printers were turned on in order, and a bimodal distribution emerged with peaks at 15 and 90 nm. In phase 1, the formation of <20 nm nanoparticles began to be detected and 70-100 nm nanoparticles increased only slightly. During phase 2, the nanoparticle concentration with sizes ranging between 10 and 30 nm increased. The number concentration of 70-100 nm particles at the beginning of phase 2 was similar to that observed in phase 1. However, it gradually increased as a function of time because the 10-30 nm nanoparticles presumably agglomerated and 70-100 nm large single nanoparticles were also emitted. The nanoparticle characteristics at the beginning of phase 2 were similar to those observed in phase 1. During the break time in between phase 1 and 2, the 10-30 nm particle number concentration decreased but that of the 70-100 nm particles remained similar to that measured in phase 2. Formation of the 70-100 nm particles occurred via agglomeration 40,41 of the smaller nanoparticles emitted during phases 1 and 2. In phase 3, ve 3D printers were operated simultaneously. During this phase, it was conrmed that the 10-30 nm particle concentration dramatically increased initially with the highest concentration of all sampling periods. Aer phase 3, nanoparticle sampling was conducted without 3D printer operation to obtain an aer-background reading. Inhibition of 10-30 nm particle emissions from 3D printer was conrmed, whereas that of the 70-100 nm particles remained at similar number concentrations during the aer-background measurement due to nanoparticle agglomeration. This indicates that the emitted particles lingered in the room at size of 70-100 nm, which is most inhalable particle in the human respiratory system. 42 Fig. 2 shows the average nanoparticle size distributions with phase change. The unimodal distribution with a dominant peak at 88 nm was observed in the background reading. During phase 1, the 88 nm peak did not clearly increase, but the 10 nm peak appeared because of the nanoparticle formation originating from the 3D printers. During phases 2 and 3, the prominent peak at 10 nm noticeably increased in intensity and the secondary peak at 88 nm also increased. This indicates nanoparticle formation from the operation of the 3D printers, conrming that nanoparticle formation was accelerated by the use of an increasing number of 3D printers. With increasing duration, the concentration of the 88 nm nanoparticles increased, which indicates that the 10 nm nanoparticles became agglomerated or larger nanoparticles were directly emitted.
Nanoparticle morphology and elemental composition
The morphology and elemental characteristics of the emitted nanoparticles were analyzed using TEM-EDS ( Fig. 3) . Most of the nanoparticles emitted from 3D printers are agglomerated near-spherical nanoparticles (Fig. 3(a) ). In the 50-150 nm range, single spherical nanoparticles were analyzed ( Fig. 3(b) ). These particles were likely generated when the lament was melted and injected into the 3D printer sampling bed. The majority of the 10-20 nm nanoparticle emissions from the 3D printers agglomerate to form larger particles approximately 100 nm in size. Moreover, the direct emission of the approximately 100 nm sized particles contributed to the increase in the number concentration of the nanoparticle size ranging between 70 and 100 nm. This indicates the emission of gaseous species, which will be further discussed in the last section. The primary particle size is critical, since the deposition fraction and deposited areas in the human respiratory system differ depending on particle size. 43 The median primary particle size Fig. 1 Real-time measurement of the particle number concentrations as a function of particle diameter and time. was 19.85 nm, as shown in Fig. 3(c) , which corresponds to the primary particle size shown in Fig. 1 and 2 .
In addition to nanoparticle morphology, the elemental composition of the nanoparticles was analyzed using TEM-EDS ( Fig. 3(d) ). C and Cu were detected in both the particle and background measurements because holey C coated Cu grids were used. Si, S, and K were mainly detected in the primary particles (20-30 nm) . Si and K were expected and originated from the additive material used in the lament manufacturing process. Fig. 4 shows the SEM-EDS results of the lament. Most of the lament surface was smooth, except for some convex protrusions ( Fig. 4(a) ). The EDS analysis of the lament showed C, Si, and Mg on the surface (Fig. 4(b) ). The Si in the lament agreed with the TEM-EDS results. Therefore, it was conrmed that Si and K originate from the additive materials in the polymer used for lament manufacturing. Moreover, the S in the nanoparticles was presumably originated from the heating the nozzle material at the high temperature.
Nanoparticle deposition model results
To study the potential health effects of the nanoparticles emitted from 3D printers, it is important to determine the number of nanoparticles that could be deposited in human respiratory tract as a function of airway generation number. The particle dose in the human respiratory system during 3D printing is shown in Fig. 5 . In Fig. 5(a) , the maximum particle dose occurred at the 20th airway generation with 4 Â 10 6 particles. Moreover, approximately 70% of the nanoparticles are deposited in the human respiratory system ranging in generation number from 16 to 28. These results indicate that the nanoparticles deposited in the pulmonary region which consists primarily of alveolar airways. 44 Fig. 5(b) shows the contour plot of the particle number dose as a function of both particle size and airway generation number. The highest particle number dose (6.6 Â 10 6 ) was observed at the nanoparticle size of 15.1 nm and the 19th airway generation. The 10-40 nm nanoparticles showed the highest particle number dose range, located between the airway generation number 16 and 22. This indicates that a large number of nanoparticles are deposited in the lower respiratory tract compared to that of the upper respiratory tract. Aerosol particle inhalation research typically considers deposition density and particle number dose per airway generation surface area as important parameters because each generation is characterized by different anatomical surface areas. 44 Fig. 6(a) shows the nanoparticle deposition density by airway generation number, showing that maximum deposition density occurred in the third airways (3.7 Â 10 4 cm À2 ). Approximately 60% of the deposition density appeared in the airway number between 1 and 5, at the starting point of the tracheobronchial region in the upper respiratory tract. This is likely because the surface areas of the airway generation number from 1 to 5 are approximately 2 to 530 times smaller than that of the surface areas of the airway generation ranging from 6 to 28 (Table S2 †) . 33 Fig. 6(b) shows the deposition densities according to both nanoparticle diameter and airway generation number. The highest deposition densities were observed for particles with diameters between 10-40 nm.
HAPs in gaseous emissions
Previously, it was shown that VOCs were emitted along with nanoparticles from 3D printer operation, and they focused on total VOCs (TVOCs) emissions and associated emission factors. 13, 17 However, understanding the species present in the gaseous emissions in terms of exposure assessment for each gas species is important. 45 Of the 34 gaseous species analyzed, 14 were considered classied as HAPs, which are known to be carcinogens or cause serious impact on human health and the environment. 25 The analyzed HAPs are shown in Fig. 7 , and the descriptive concentrations of the 14 HAPs and their associated health effects are summarized in Table S3 . † The International Agency for Research on Cancer (IARC) classies chemicals in terms of groups of suspected carcinogens. 46 From the HAPs results, benzene and trichlorethylene are designated as group 1 carcinogens which are obviously carcinogenic to humans. The benzene and trichlorethylene concentrations were determined to be 0.52 and 0.09 ppb, respectively. Even though these concentrations are low, it has been reported that long-term exposure to these chemicals at low concentrations can cause cancer. 47 
Conclusions
This study assessed nanoparticle formation and the emission of HAPs from the operation of 3D printers. Nanoparticle deposition behavior in the human respiratory system was also studied. The main ndings are as follows, in order of the research objectives presented at the end of Introduction: (1) nanoparticle emissions exhibited a bimodal size distribution, with dominant peaks at 10 nm and 88 nm. Once the 3D printer was started, the generation of 10 nm size nanoparticles increased, and aer a few minutes the concentration of 88 nm size nanoparticles increased;
(2) most single nanoparticles were near spherical in shape, with a median primary particle size of 19.85 nm. The single spherical nanoparticles agglomerated and existed in the form of larger particles; (3) 10-40 nm size nanoparticles were mostly deposited in the lower respiratory system with a generation number between 16 and 22, whereas particle deposition density was higher in the upper respiratory system due to a smaller surface area; and (4) 14 HAPs species generated by 3D printer operation were analyzed, indicating that they might cause cancer or other adverse health effects once they are inhaled into the human respiratory system. As an extension of this research, future studies should focus on the evaluation of nanoparticle emission using closed camber study and quantifying the doses of each HAPs species in the human respiratory tract to inform exposure assessments.
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